Objective: To examine different hormonal responses to heavy endurance training and overtraining in female athletes.
There are many previous studies on catecholamine, cortisol, and testosterone responses to training during rest and exercise (13, 35, 37) and in the overtraining state (1, 6, 14, 16, 20, 22, 28, 34) . There is growing consensus regarding the acute hormonal responses to one exercise session, but there is clear disagreement on the hormonal responses to long-term training and to the resulting overtraining state (34) . One explanation for the conflicting findings could be different Individual response patterns to heavy training.
Stress researchers have identified two hormonal stress response types (5.30) : an adrenal medullar response with elevated activity of the sympathetic nervous system (12) and a pituitary adrenal cortical response which is connected ~o the ac~ivity of the parasympathetic nervous sys~em (33) . Based on this, the ra~io be~ween blood cortisol and noradrenaline levels a~ rest has been suggested to estimate the balance of sympathetic and parasympathetic nervous system activities (33) . Correspondingly, two different types of overtraining state have been suggested to exist: sympathetic and parasympathetic types (IS). Selye (31) presented his idea of the general adaptation syndrome (GAS), elicited by any stressful demand on the body. He described a triphasic course of the GAS that began with an alarm reaction, proceeding to a resistance stage and finally to a stage of exhaustion. Based on this, it has been presented that the aforementioned two overtraining types could also represent different stages of the stress response (10) .
Because it seems that different overtraining states exist, we hypothesized that different individual hormonal response patterns to intensive endurance training and overtraining could be found. These patterns could be & [3) ,,' 1I~- --79 consistent with the findings of individual coping patterns (5, 12, 30) . If true, this would be an important item to be considered when clinicians and coaches estimate the training status of athletes.
Training During the entire training period, the ETG athletes trained 7 days a week. The training of the ETG athletes was closely supervised by the research staff. The intensity of training was determined individually based on the lactate threshold (Ti.cJ. Training consisted of intensive training (intensity ~ T lacJ. which included interval running ( [5] [6] [7] [8] [9] [10] [11] [12] .I kIn with 2 minutes' rest in between) and continuous fast running (5-12 km) . and of low intensity training (intensity < T1acJ. which was mainly long-term (50 minutes to 3 hours) running but included cycling, cross-country skiing, and swimming. The volume of intensive training was increased by one exercise session each week starting with one intensive exercise session and a treadmill test during the fIrst week. The CG athletes were allowed to train according to their own training schedule. In both groups, training was light (low intensity training for no more than I hour) for 2 days before each measurement. All training sessions were controlled by heart rate monitors (Polar Electro Sport tester, Kempele, Finland).
METHODS

Measurements
Identical series of measurements were repeated at baseline, after 4 weeks of training, after 6 to 9 weeks of training when the ETG athletes were physically and/or mentally exhausted, and after 4 to 6 weeks of recovery training. The measurements consisted of heart rate and blood lactate measurements during a submaximal treadmill running test, a test of maximal oxygen uptake (VO2max) on the treadmill, self-report mood measures, adrenaline and noradrenaline analyses from nocturnal urine, plasma adrenaline and noradrenaline and serum cortisol and testosterone analyses from the blood sanlples taken during supine rest and after submaximal and maximal exercise, and calculation of the ratio between serum cortisol and plasma noradrenaline at rest.
The athletes entered a quiet laboratory room with constant temperature (20-23°C) and dimmed lights between 8:00 and 10:00 ani, I hour after a light, standard (-300 kcal) breakfast. They were requested not to drink coffee, tea, chocolate, or cola drinks that morning or the previous evening, or to drink alcohol or to eat bananas during the previous 48 hours. Athletes stayed in a lying position on the examination table for 20 minutes, after which venous blood sanlples were taken from the antecubital vein.
Submaximal treadmill running test was started I hour after the flfSt blood sample was taken. The velocity was 9.9 km/h for 5 minutes and 11.7 km/h for another 5 
Subjects
Fifteen healthy female endurance athletes (five runners, four cross-country skiers, three triathletes, and three orienteers) with no smoking history gave their written consent to participate in the study. They were informed earlier of the nature and aim of the experiment and were familiarized with the experimental procedure in one preliminary measurement session 2 weeks before the actual experiment. The athletes did not take any medication, including oral contraceptives. All athletes had trained regularly for at least 1 year before the experiment, and their physical characteristics are presented in Table 1 . The athletes were divided into two groups: an experimental training group (ETG, n = 9) and a control group (CG, n = 6). The purpose of the experimental training with recovery days excluded was to overtrain the ETG athletes. Reasons of the ETG athletes for interrupting heavy training included feelings of psychological and physical exhaustion in seven athletes, leg injury in one athlete and illness (fever) in another. The criteria of overtraining were as follows: decreased maximal oxygen uptake by at least 2 ml.kg-1'min-l; decreased maximal treadmill performance; unwillingness to train and feeling of inability to go on training in combination with some other overtraining signs and symptoms: mood disturbances (loss of positive feelings: energetic, helpful, calm, vigorous, relaxed, confident and increased negative feelings: irritable, depressed, moody, fatigued, anxious, confused, excited, desperate, unable to concentrate), sleeping problems, menstrual irregularities, poor appetite, shaky hands, sweating, or other psychosomatic symptoms (19) ; and no illness, injury, or other explaining factor for the performance decrement (10, 14, 19) . In addition to these criteria, we observed the l~gth of the recovery period to differentiate short-and long-term overtraining. According to the four aforementioned criteria, five females were overtrained at the end of the training period. They formed a subgroup of overtrained athletes (OA subgroup). One of them had recovered within the 5-week recovery period.
The present study was reviewed and approved by the Ethical Committee of the University of Jyvaskylii. " .
Training weeks minutes at the inclination of 1 °. Hea11 rate during the run was measured by ECG electrodes placed on CM2. CM6. and the neck. Fingertip and venous blood samples were taken after the 10-minute run in order to determine blood lactate concentration (EppendorfEBIO 6666, Eppendorf, Hamburg, Germany) and perform hormone analyses. Mter a 5-minute rest, an incremental treadmill running/ski-walking test until exhaustion was started. The running test was started with an inclination of 1 ° and a velocity of 6.3 km/h. The velocity was increased by 1.8 km/h every 3 minutes until 13.5 km/h. Thereafter, the inclination was increased, by 1.4°, to induce a 6 ml'kg-I'min-1 increase in the VO2 demand of running (3) . The skiers performed a ski-walking test on the treadniill using ski poles. Their starting velocity was 6.0 km/h and the inclination 2.3°. Exercise intensity was increased ...
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were calculated. The reliability of the mood scales was established by calculating Cronbach alpha coefficients for both subscales. Alpha for positive items was 0.82 and for negative items was 0.83. Nocturnal urine was collected from 7 pm to 7 am during the pretest night into bottles containing I mI 6M HCl. The urine and plasma samples were stored at ~80°C until analyzed. Catecholamines from urine and plasma were extracted into AI2O3 (Bioanalytical Systems Inc., West Lafayette, IN, U.S.A.) with 3,4-dihydroxybenzylamine hydrobromide (Sigma, St.Louis, MO, U.S.A.) as an internal standard. The catecholamines were released into 0.2M HClO4 solution. High pressure liquid chromatography with electrochemical detector (ESA Coulochern Multi-Electrode, model 5100 A, Chemsford, MA, U.S.A.) was used for the analysis of catecholamines.
Time-resolved fluoroimmunoassay was used to quantify the serum levels of cortisol and testosterone (Wallac Oy, Turku, Finland).
The ratio between cortisol and noradrenaline concentration at rest was calculated as a marker of sympathovagal balance (33) .
Statistics
The distribution of each variable was calculated, and because plasma and urine adrenaline were not normally distributed, nonparametric methods (Friedman two-way analysis of variance. Wilcoxon matched pairs signed rank test, Mann-Whitney-Wilcoxon rank sum test, Spearman correlation coefficients) were used to analyze hormone variables (SPSS release 6.1, SPSS, Inc., Chicago, IL, U.S.A.). The other variables were analyzed using parametric tests (two-way analysis of variance for repeated measures, Student's t test for paired and nonpaired samples). Results in the text are presented as mean :t SEM (95% confidence intervals). A p value of 0.05 was used as a critical level of significance. every 3 minutes to induce a 6 mI, kg-I'min-l increase in the VO2 demand of ski-walking (3) by increasing both the inclination (mean, 1.0°; range, 0.9-1.1°) and the velocity (mean, 0.3 m/s; range, 0-0.5 m/s) during the first 4 stages and then only the inclination (mean, 1.6°; range, 1.5-1.7°) until exhaustion. Blood samples were taken from the fingertip immediately after each exercise intensity and five times (immediately and at 1, 4, 7, and 10 minutes) after exhaustion to analyze peak blood lactate concentration. Venous blood samples were taken immediately after exhaustion. Minute ventilation (VB), O2 uptake, and CO2 production were measured during the exercise test at 20-second intervals (Sensonnedics 2900z, SensorMedics, Yorba Linda, CA, U.S.A., connected on line to a computer and calibrated before and after each test). Vo2max was calculated as the mean of three highest consecutive 20-second determinations. Maximal treadmill perfonnance (V°2max d~m.nd) was calculated as the theoretical oxygen demand during the last minute before exhaustion. The calculation was based on the velocity and inclination of the treadmill at maximal work rate (3).
Lactate threshold was defined as the starting point of blood lactate increase over the initial steady 1evel (1-2 mmoln) observed at the lowest exercise intensities and was confirmed by the flfSt nonlinearity in the VE/VO2 ratio corresponding to the "anaerobic threshold" (2, 36) . Body mass (with the same scale) and the percentage of body fat were measured each time before the treadmill tests. Percentage of body fat was measured from four skinfolds (biceps, triceps, subscapular, and suprailiac) and calculated based on the equation described by Durnin and Womersley (8) .
In the morning before entering the laboratory, the athletes rated on the self-report scale to evaluate their feelings during the last 2 weeks. The scale included six positive (energetic, helpful, calm, vigorous, relaxed, confident) and nine negative (irritable, depressed, moody, fatigued, anxious, confused, excited, desperate, unable to concentrate) items. The frequency of each of these feelings was evaluated using a four-point scale (1 = never, 2 = sometimes, 3 = rather often, 4 = oftenJ and mean points of the nine negative items and six positive items
RESULTS
Training
Training volumes of both groups are presented in Figure LIghter shading indicates urine adrenaline (~moVurine volume.10-1); darker shading indicates urine noradrenaline (~moVurine volume). OA, an overtrained athlete of the experimental training group; 8, baseline; 4wk, after 4 weeks of training; END. at the end of a 6-to 9-week training period; RE. fourth recovery week.
ing volume of the ETG athletes increased by 80% (p < 0.01), the volume of low intensity training by 98% (p < 0.01), and the volume of intensive training by 130% (p < 0.01), and strength training volume decreased by 54% (p < 0.05). The corresponding increases in the CG athletes were 6%, 5%, 10%, and 21 %. Total and low intensity training volumes were higher in the first (p < 0.05) and second (p < 0.01 and p < 0.05, respectively) training weeks in the CG than in the ETG (referring to their higher long-term training volumes before the study). Strength training volume was higher (p < 0.05) in the second, fifth, sixth, and last training weeks in the CG than in the ETG. Intensive training was higher in the sixth and last training weeks in the ETG than in the CG. The training of the OA subgroup did.not differ from the training of the other ETG athletes.
Urine and blood hormones
There were no changes in nocturnal urine catecholamine concentrations (Table 2 ). Individual changes from the baseline to the end in urine noradrenaline ranged from -161 % to +6423% in the OA subgroup, from -54% to +21 % in the nonovertrained ETG athletes, and from -154% to +91% in the CG, and corresponding changes in adrenaline ranged from -93% to +586%, from 0% to +8400%, and from -53% to +700%, respectively. Three examples of the different changes in urine hormones are presented in Figure 2 .
Plasma noradrenaline at sub maximal work rate and plasma adrenaline at maximal work rate decreased (p < 0.05) in the ETG during the time period from after 4 weeks of training to end, and serum cortisol at maximal work rate decreased (p < 0.05) from baseline to after 4
Maximal cortisol (nmol/l) 
Correlation analyses
Significant correlations between different variables are presented in Table 7 .
The athletes were in different menstrual phases at baseline (eight in follicular phase, six in luteal phase, and one in between [day 15) and had no menstrual irregularities. During the experimental period, six athletes (5 in ETG and 1 in CG) had late periods. The measured hormone levels did not seem to be systematically higher in either the follicular or the luteal phase during the course of the study.
DISCUSSION
In this study, 56% of the ETG athletes were diagnosed as being overtrained. Decreased maximal performance on the treadmill was used as the main indicator of the overtraining state, and additional criteria included mood disturbances. In overtrained athletes, decreased maximal oxygen uptake can be a sign of several different physiologic (e.g., cardiovascular, muscle power, oxygen delivery, energy supply), biomechanical (economy), and psychological problems (25) . Decreased treadmill perfonnance indicates decreased ability to perform increasing exercise loads because of the aforementioned factors, and decreased maximal heart rate can be caused by decreased sensitivity to sympathetic activation, decreased sympathetic discharge, changed cardiac morphology, or increased blood volume. In other words, the physiology of overtraining is complicated, and it is difficult to find only one marker to indicate the overtraining state. Overtrained athletes did not feel mentally well, because negative feelings dominated over positive feelings. The increased training load seemed to upset the mental state also in the nonovertrained but heavily trained athletes, which agrees with the findings of Hooper et aI. (14) .
Many hormone variables have been used as signs of overtraining state. Based on this study, we could not weeks of training. There were no changes in any hormone concentrations at rest (Tables 3 and 4) . Plasma adrenaline at maximal work rate decreased (p < 0.05) during the first 4 training weeks in the OA subgroup (see Table 3 ).
Individually, there were marked increases and decreases in the hormone variables in both groups and in the OA subgroup ( Table 5) .
The ratio between cortisol and noradrenaline concentrations at rest was 325 :t 88 (118-533) at baseline, Changes in maximal treadmill test variables are presented in Table 6 . VO2max demand and maximal heart rate did not change significantly in the ETG and the CG, but they had a tendency to decrease in the ETG and to increase in the CG (interactions, p < 0.05). VO2max (p < 0.01), VO2max demand (p < 0.01), and maximal heart rate (p < 0.05) decreased in the OA subgroup. Maximal lactate, body mass, and percentage of body fat did not change, although they had a tendency to decrease in the OA subgroup.
Mood dynamics
The mean of negative feelings score increased both in the ETG and in the OA subgroup [from 1.6 :t 0.1 (1.4- r and the OA subgroup during the first 4 training weeks, but not at the END. It could be speculated that this was not specific to the overtraining state, but was instead caused by heavy training since the cortisol response in the more exgerienced athletes (the CO who had higher long-term training volumes as compared to the ETO) was already attenuated at baseline. Another supportive result was the inverse relationship between the changes in training volume and serum cortisol at maximal work rate during the [lIst four training weeks (see Table 7 ). Decreased serum cortisol at maximal work rate was also associated with decreased Vo2max, and four out of five overtrained athletes had the attenuated cortisol response to maximal exercise, which is consistent with the findings of Verde et al. (35) and Barron et aI. (4) . The attenuated cortisol response could be caused by hypothalamic dysfunction (4) or changes in the sensitivity of the adrenal medulla to ACI1f. Exercise-induced changes in cortisol concentration have been suggested to be .'real" and not merely dependent on blood volume changes as is the case with testosterone (16) . Since it can be assumed that changes in blood volume during the same exercise load in different phases of training period are similar, the tendency for the testosterone concentration to decrease at rest and at submaximal and maximal work rate in the ETO and the inverse relationship between testosterone concentration and training volume (see Table 7 ) could indicate decreased hormone secretion induced by training (11). This is consistent with the findings of previous studies in which testosterone concentration was found to decrease with heavy training and with overtraining (1,26).
The aforementioned findings of hormonal changes indicate adaptation or exhaustion of adrenal gland or the CNS in the ETG and OA subgroup. However, other response types were also found when individual results confirm urine catecholamines as indicators of overtraining, as suggested by Lehmann et al. (22) . They presented that a 50% decrease in nocturnal catecholamines could be a marker of overtraining or exhaustion syndrome. Two of our overtrained athletes showed this (e.g. OA3, Fig. 2B ), but the other three did not. Additionally, a decrease of >50% in urine noradrenaline level was found in four nonovertrained athletes, including three control athletes.
Plasma noradrenaline concentration has been suggested to reflect total sympathetic activity (9) which was shown to increase during submaximal and maximal exercise in all groups (see Table 3 ). An increase in resting plasma noradrenaline was connected with an increase in total training volume in the last part of the training period as a sign of training-induced increase in resting sympathetic activity (9) (see Table 7 ). On the other hand, plasma noradrenaline at subrnaximal work rate decreased at the same time in the ETG, which could be caused by CNS or adrenal adaptation (11). This finding disagrees with the suggestion that noradrenaline at submaximal work rate increases in trained (7) or overtrained (20) athletes, but is consistent with other findings about the influence of endurance training (13,37) and overtraining (17) . Decreased plasma adrenaline at maximal work rate in the OA subgroup could be caused by adrenal adaptation (27) or exhaustion and is consistent with the finding of Kindermann (17) .
Serum cortisol at rest has been suggested to increase with heavy training (1,26) and overtraining (28) , but it has also been found to decrease (21) and to be lower in elite than in good distance runners (6) . In the present study there were both increases and decreases in serum cortisol at rest in each group. More than resting cortisol, there were changes in serum cortisol at maximal work rate which was higher than the resting value in the ETG were analyzed. It is recommended to observe intraindividual changes in honnone levels in exercise training studies because there seems to be large interindividual differences in nonnallevels and in the responses of catecholamines, even between twins (24). Individual results showed that the hormone findings in the overtrained athletes indicated increased resting sympathetic (adrenomedullar activity) discharge (e.g., OAS), increased adrenocortical activity (e.g., OA3), or both of these activation types (e.g., OA2), and at the same time either increased or decreased ratio between blood cortisol and noradrenaline levels at rest. These different response types could be consistent with the two different overtraining types (15) or the two stress response types (12) . Based on this study, we cannot confirm or reject the theory that the two different response types or overtraining types (i.e., sympathetic and parasympathetic) represent different stages of the stress response. However, one example, OA3, indicated that all athletes may not reach the parasympathetic overtraining state (exhaustion) via the sympathetic overtraining state.
The str~ngth of this study is its uniqueness. There are no previous experimental overtraining studies like it. In previous studies, athletes have overtrained spontaneously (4, 14, 17) , or they have trained for a predetermined time period (1.20). There are, however, some weaknesses in this study. Because of the small number of subjects, the results and conclusions must be only tentative, especially concerning individual responses. Another factor that makes it difficult to draw conclusions is that the subjects were not a fully homogenous group (e.g., with different training backgrounds), which can predispose them to different kinds of overtraining. The athletes were also in different menstrual phases, which can confound the results because plasma and urine noradrenaline have been suggested to vary predictably during the menstrual cycle (23), being higher in the follicular phase than in the luteal phase (32) . The menstrual cycle has not been shown to influence testosterone concentrations (18, 29) . 
CONCLUSIONS
Hormone responses to exercise load are superior in indicating heavy training-induced stress when compared with resting hormone levels. These responses indicated both decreased sympathoadrenal and adrenocortical activity during exercise or exhaustion of the adrenal gland or CNS. Heavy training seemed to attenuate the cortisol response to exercise load. Individual hormonal profiles are needed to follow up training effects because marked individual differences were found in training-and overtraining-induced hormonal changes. 
